In the sea urchin embryo, specification of the endomesoderm is accomplished by the activity of a network of regulatory genes in the vegetal hemisphere, called the endomesoderm gene regulatory network (GRN). The activation of this network is mediated primarily through the activity of the Wnt pathway, though details of pathway activation remain unclear. To gain further insight into control of endomesoderm GRN activation, we have identified a sea urchin homologue of the co-repressor Groucho (LvGroucho) that has been shown to antagonize hcatenin/Tcf activation complexes during Wnt signaling in other systems. Groucho functions by recruiting the histone deacetylase Rpd3 to the DNA template via interaction with site-specific transcription factors, resulting in localized chromatin condensation and transcriptional silencing. Our results show that the LvGroucho protein localizes to all nuclei throughout embryonic development. Interaction assays demonstrate that LvGroucho interacts with Tcf via both the Q and the WD domains of the protein. LvGroucho interacts with Tcf to antagonize the expression of key endomesoderm regulatory genes. Assays demonstrate that LvGroucho and nh-catenin functionally compete for binding to Tcf as a major mechanism by which the Tcf-control switch is regulated. Functional analysis of the N-terminal AES197 domain of LvGroucho shows that it is sufficient to recapitulate the function of full-length LvGroucho. This finding strongly supports the conclusion that the effects of LvGro overexpression are due primarily to its interactions with Tcf and not other Groucho interacting partners, since Tcf is the only protein present in the sea urchin known to interact with AES197. Because the Q domain is unable to bind Rpd3, it was expected to behave as a dominant negative LvGroucho. Unexpectedly, overexpression of the Q domain gave functional results similar to LvGroucho and the AES197 domain. This is the first evidence for an inherent repressive function for the Q domain alone. Together, our results indicate that LvGroucho functionally competes with h-catenin for Tcf binding, and this competitive mechanism regulates one of the earliest steps in the initiation of the sea urchin endomesoderm GRN. D
Introduction
Deuterosome embryos achieve polarity and initiate specification by mechanisms that often involve the nuclear entry of h-catenin (nh-catenin) (Huelsken et al., 2000; Moon and Kimelman, 1998; Solnica-Krezel, 1999) . nhcatenin is necessary for early specification in deuterosomes such as the sea urchin and the invertebrate chordate amphioxus during early cleavage stages along the A/V axis (Logan et al., 1999; Wikramanayake et al., 1998) , and for the D/V axis in vertebrates such as Xenopus and Zebrafish Larabell et al., 1997; Schneider et al., 1996) . The Wnt pathway is used for early axial patterning in each of these species. It is not clear whether a Wnt ligand is responsible for initiation of the Wnt pathway in these systems, but recent data in Xenopus indicates that Wnt11 is secreted temporally and spatially in a pattern consistent with dorsal activation of nh-catenin (personal communication, Janet Heasman) . In addition, the Wnt receptor Frizzled 7 appears to be involved in dorsal axis specification in Xenopus (Sumanas et al., 2000) . A Wnt ligand-independent model has also been proposed in which the GSK3 inhibitor, GSK3 binding protein (GBP), binds to Dishevelled (Dsh) and a kinesin light chain (KLC) at the vegetal pole. During cortical rotation, the KLC transports GBP and Dsh to the presumptive dorsal side where they work together to stabilize h-catenin Weaver and Kimelman, 2004; Weaver et al., 2003) . Whether it is a Wnt ligand or another activating factor in the egg cortex that launches the cascade, in the sea urchin vegetally localized Dsh is activated to then inhibit the activity of Gsk3 (Emily-Fenouil et al., 1998; Sokol, 1999; Weitzel et al., 2004) . Inactivation of Gsk3 allows for cytoplasmic h-catenin accumulation, which leads to nuclearization of h-catenin. In the nucleus, nh-catenin forms a complex with Tcf to activate transcription at the DNA template (Emily-Fenouil et al., 1998; Huang et al., 2000; Vonica et al., 2000; Yost et al., 1996) . In the absence of nhcatenin, the co-repressor Groucho binds Tcf and represses many of the same genes that are activated by nh-catenin/Tcf complexes (Chen and Courey, 2000) . Thus, Tcf acts as a molecular switch whose activity depends on the interaction with activating or inhibiting co-factors.
nh-catenin/Tcf complexes often activate of a large battery of genes, and in the sea urchin, the entire endomesoderm gene regulatory network (GRN) is activated downstream from this complex (Davidson et al., 2002a,b) . In other model systems, activation of genes by nh-catenin/Tcf complexes is negatively regulated by several proteins in addition to Groucho, exemplifying the importance of Tcf as a molecular switch in early embryonic development. For example, in some cases, the co-repressors CBP and CtBP bind Tcf in addition to Groucho (Brannon et al., 1999; Valenta et al., 2003; Waltzer and Bienz, 1998) .
Other factors bind to nh-catenin, sequestering it from the DNA template and provide yet another level of control in this system. Some Sox proteins in other systems have been shown to bind nh-catenin, and this is modeled to prevent nh-catenin from interacting with Tcf and activating downstream genes (Sinner et al., 2004; Zorn et al., 1999) . Recently, it has been suggested that the sea urchin nhcatenin/Tcf-control switch may be regulated by a similar mechanism, since SoxB1 overexpression gives a gastrulation phenotype that is similar to blocking nh-catenin, and knockdown of SoxB1 increases activated Tcf as measured by a Topflash assay (Kenny et al., 2003) . Arguing against such a nh-catenin-binding mechanism, however, direct binding between sea urchin SoxB1 and h-catenin could not be demonstrated (Kenny et al., 2003) . Because of the central importance of the nh-catenin/Tcf-control switch in endomesoderm specification, we decided to look at the detailed function of the Tcf binding co-repressor Groucho (LvGro) and its role in controlling nh-catenin/Tcf-mediated gene activation.
The first molecular evidence of A/V specification in the sea urchin becomes apparent at the 16-cell stage, when hcatenin enters micromere nuclei (Logan et al., 1999) . Between the 4th and 6th cleavage stages, an unknown bearly signalQ (ES) passes from micromeres to the macromeres and this signal appears to be necessary for the later clearance of maternal SoxB1 from macromeres beginning around the 200-cell stage (Kenny et al., 1999; Oliveri et al., 2003) , and for activation of the endomesoderm gene regulatory network. h-catenin enters the nuclei of macromeres beginning at 5th cleavage, and this entry is necessary for endomesoderm specification (Logan et al., 1999) .
The correct spatial and temporal activation of the endomesodermal GRN may be a function of the competition between LvGro and nh-catenin for Tcf. Evidence from both Xenopus and Drosophila suggests that the balance between Groucho/Tcf complex activity and nh-catenin/Tcf complex activity controls cell fate (Cavallo et al., 1998; Howard et al., 2001; Roose et al., 1998) . These data led to the idea that the Gro/Tcf repression complex is the boffQ state for the Wnt pathway, and that the bonQ state is initiated by h-catenin nuclearization. However, since it has not been conclusively shown that Tcf activity depends on a competition between nh-catenin and Groucho proteins, alternative models may apply. One possibility is that an active signal promotes the repressive activity of Groucho/Tcf complexes (Sharpe et al., 2001) .
Groucho is a non-DNA binding co-repressor protein that binds to many sequence specific transcriptional repressors, including members of HES, Runt, Gsc, Six, and Tcf classes of proteins (Chen and Courey, 2000; Giot et al., 2003) . Groucho contains two highly conserved domains: the N-terminal Q domain (glutamine rich domain) and the C-terminal WD domain (contains 6-7 WD repeats). These domains are separated by three less conserved domains: the GP domain (glycine/proline rich), a CcN domain (contains CKII/cdc2 phosphorylation sites), and a SP (serine/proline) rich domain (Chen and Courey, 2000) (Fig. 2B) . The Q domain mediates oligomerization with other Groucho proteins and is absolutely necessary for Groucho's function (Chen et al., 1998; Pinto and Lobe, 1996) . The WD domain mediates most interactions with sequence-specific DNA-bound transcription factors. Vertebrates have two versions of Groucho, the full-length version described above which is found in all metazoans, and a vertebrate homologue consisting only of the Q and GP domains and known as the Amino Enhancer of Split (AES197) (Chen and Courey, 2000) . In vitro binding assays show that Groucho binds to most transcription factors via the WD or SP domains; however, Groucho uses the AES197 domain to bind Six and Tcf family members (Brantjes et al., 2001; Lopez-Rios et al., 2003; Zhu et al., 2002) . It is this latter binding activity that is the focus of this paper.
In most cases, Groucho co-represses transcription via interactions with other proteins. Once bound in a complex with a transcription factor and other Groucho proteins, the GP domain of Groucho recruits the histone deacetylase Rpd3 to the complex and Rpd3 removes acetyl groups from nearby lysine residues in the Nterminal tail of core histones. This modification results in a more compact chromatin structure, which is often associated with transcriptional silencing (Chen and Courey, 2000; Chen et al., 1999) . The recruitment of Rpd3 to the template is thought to be the primary way that Groucho represses transcription when bound to transcription factors, although in some contexts Groucho is able to repress transcription without Rpd3 (Chen et al., 1999; Fisher et al., 1996) . Thus, in the existing model for Groucho mediated repression, Tcf binds the Q and GP domains of Groucho, bringing it to the DNA template. Groucho then oligomerizes with other Groucho proteins through Q-domain interactions in a nucleation step where Groucho proteins form a molecular docking station for Rpd3 and possibly other co-factors necessary for transcriptional repression (Fig. 2C ) (Chen and Courey, 2000) . Thus, Groucho can be considered a linking protein between the transcription factors and the repression machinery.
Because of the crucial role of h-catenin in launching the sea urchin endomesoderm GRN, we isolated the first echinoderm groucho homologue and examined its role as a repressive participant in endomesoderm GRN activation. Our results indicate that Gro indeed plays a critical role in controlling the extent of nh-catenin/Tcf complex activation of endomesoderm specification in the sea urchin. In addition, we describe the first in vivo evidence that the Q domain of Groucho alone is able to mediate repression of gene transcription.
Materials and methods

Animals
Lytechinus variegatus sea urchins were obtained from either Florida or the Duke University Marine Laboratory in Beaufort, N.C. Strongylocentrotus purpuratus sea urchins were obtained from California. L. variegatus gametes were harvested, fertilized, and cultured at 238C as described (Hardin et al., 1992) . S. purpuratus gametes were harvested, fertilized, and cultured at 188C as described (Huang et al., 2000) .
Cloning a LvGroucho fragment
Groucho was isolated during a search of the Sea Urchin genome for components of the Wnt pathway. Exact primers were designed against a small region of S. purpuratus DNA corresponding to Groucho and used to amplify SpGroucho from midgastrula cDNA via PCR. The amplified, 164 bp product was cloned into the pGEMT vector (Promega) and sequenced bidirectionally (Duke Sequencing Core). Clones were identified as PCR products of SpGroucho by BLAST search. SpGroucho was used to probe a L. variegatus cDNA library (Gross et al., 2003) . After rescreens, two clones were excised, sequenced and identified by overlapping individual fragments.
Generation of LvGroucho constructs
A full-length LvGroucho clone was generated by splicing the two partial clones into a pCS2 expression vector. This vector has a 5VUTR that has been shown to provide an excellent translation start site for mRNA constructs in the sea urchin (Sweet et al., 2002) . PCS-2 constructs expressing various domains of LvGroucho, including the Q, QGP (AES197), and WD domains, were generated by standard molecular biology techniques. All clones were verified by sequence analysis.
Northern analysis
Total RNA was isolated from embryos with Trizol. 10 Ag of RNA from each developmental stage was loaded onto a 1% agarose formaldehyde gel, fractioned by electrophoresis and blotted onto Nylon membrane using Turboblot (Schleicher and Schuell) and hybridized with a 1364 bp fragment corresponding to a portion of LvGroucho (amino acids 173-628). Blots were given two 5-min washes with 6Â SSPE, 0.5% SDS at room temperature, one 45-min wash with 1Â SSPE, 0.1% SDS at 378C, and one 45-min wash with 1Â SSPE, 0.1% SDS at 508C. The blot was placed on film for 72 h at À808C with an intensity screen.
mRNA preparation and injection
Full-length LvGroucho-pCS2, Q domain-pCS2, AES197-pCS2, or WD-pCS2 were linearized with Not1 and used as template to generate in vitro transcribed 5V capped mRNA using the SP6 mMessage Machine kit (Ambion). mRNA concentrations were determined by spectrophotometry. Injections were carried out as described (Sherwood and McClay, 1999) .
QPCR analysis
RNA from 25 S. purpuratus embryos was isolated with Trizol (Invitrogen). The samples were treated with Dnase I (Ambion) and then reverse transcription reactions were performed using a Taqman Gold RT-PCR kit (Applied Biosystems). A LightCycler instrument and Fast Start SYBR Green PCR kit (Roche) were used for QPCR analysis based on manufacturer's instructions. Primers used were ubiquitin (Ub), Krupple-like (Krl), Wnt8, FoxA, and Krox (Davidson et al., 2002b) . Plasmids containing each of the genes were used to determine the specificity and efficiency of each primer set. The data from each cDNA sample was normalized against ubiquitin mRNA. QPCR were performed on 3 separate samples at least two times, and each reaction product was confirmed by gel electrophoresis.
Antibody production
A fragment of LvGroucho corresponding to the WDrepeat domain of LvGroucho (encoding amino acids 459-746) was subcloned into pGEX4T-1 glutathione S-transferase system (GST) expression system (Amersham Pharmacia Biotech). This protein was expressed, affinity purified, and sent to Aves Labs for production of a polyclonal chicken antibody.
Immunolocalization and image analysis
Embryos were fixed in ice-cold 2% paraformaldehyde for 10 min, passed through ice-cold methanol for 1 min and washed 3Â with PBS. Embryos were then blocked for 10 min in PBS/4% normal goat serum, incubated overnight at 48C in primary antibody. Embryos were washed and blocked as above, then incubated in secondary antibody for 1 h. Embryos were washed 3Â in PBS and mounted in 30% glycerol. 1:500 dilutions of SoxB1 antibody (an ectodermal/endodermal marker) (Kenny et al., 1999 ) and 1d5 (a skeletogenic mesenchyme marker) were used for or for all images shown. Secondary antibodies included Cy3-conjugated goat anti-rabbit for SoxB1 and Cy5-conjugated goat anti-mouse IgM for 1d5 (Jackson Immunoresearch Laboratories). Full projections of confocal stacks of embryos injected with LvGroucho were analyzed to determine the extent of SoxB1 staining.
GST pull-down assay XL1-blue cells (Stratagene) that were transformed with pGEX-4T-1, pGEX-4T-1-LvGro, pGEX-4T-1-AES197, and pGEX-4T-1-WD were grown in the presence of 1 mM isopropyl-h-D-thiogalactopyranoside (IPTG) for 2-3 h at 378C. Glutathione-sepharose 4B beads (Sigma) were used to purify the induced proteins in PBS at 48C. Myc-tagged full-length SpTcf was in vitro translated in a TnT-coupled reticulocyte lysate system (Promega). The GST pull-down assay was performed by incubating the in vitro translated Myc-SpTcf with either glutathione-Sepharose bound GST or GST fusion proteins in PDB binding buffer (40 mM Tris, pH 8.0; 500 mM NaCl; 0.1% NP40; 6 mM EDTA; 6 mM EGTA; 2 mM DTT; protease inhibitors) at 48C for 3 h. Beads were washed three times with 1 ml of binding buffer and boiled in 2Â SDS protein loading buffer (1:20 BME) after the incubation. The eluted proteins were loaded on a 4-20% SDS-acrylamide gel, transferred to nitrocellulose and probed with either a mouse anti-Myc antibody (1:1000) (Oncogene Research) or goat anti-GST antibody (1:2000) (Amersham-Pharmacia Biotech). The blots were processed and developed as described (McCartney and Fehon, 1996) .
Reporter gene assay
Embryos injected with pTOPFLASH alone or in combination with 50 mM LiCl treatment, and embryos injected with combinations of pTOPFLASH and LvGroucho, LvQdomain, or LvAES197 mRNA with or without 50 mM LiCl treatment were collected soon after hatching. Each sample was lysed with 50 AL of lysis buffer (Luciferase Assay; Promega). The assay was performed in a Berthold luminometer. Approximately 100 embryos were used for each sample and each experiment was duplicated. Relative luciferase units were normalized to the protein concentration of each sample.
Results
Isolation of sea urchin LvGroucho cDNA clones
LvGro was subcloned from a Lytechinus variegatus midgastrula cDNA library. The open reading frame of 2241 base pairs has a predicted protein sequence of 747 amino acids. This gene was named LvGroucho based on homology to other groucho genes (Fig. 1) . It is possible that a duplication event occurred before the divergence of sea urchins from vertebrates, so we performed a parsimony analysis on Groucho protein sequences to address this question ( Fig. 2A) . The phylogenic tree suggests that duplication events produced multiple vertebrate groucho genes after the divergence of sea urchins and vertebrates. These data, in combination with the fact that we found only one groucho gene in our library screen, suggest that there may only be one groucho gene in the sea urchin embryo.
Deduced amino acid sequence and expression of LvGroucho
Alignment of predicted LvGroucho protein sequence with Drosophila Groucho shows that LvGro contains the more highly conserved amino terminal Q domain and the carboxyl terminal WD-repeat as well as the three less conserved GP, CcN, and SP domains (Fig. 2B) . Amino acid sequence comparisons between LvGro and Drosophila Groucho showed identities of 61% between Q domains and 89% between WD-repeat domains (Fig. 2B) . The region encompassing the GP, CcN, and SP domains showed a homology of 27%.
LvGro mRNA is present during all stages of sea urchin development. High levels of maternal mRNA are found in the egg, but after the early cleavage stages, LvGro mRNA levels decline. LvGro expression increases soon after mesenchyme blastula stage and remains at a relatively constant level through gastrula and pluteus stages as shown by Northern blot analysis (Fig. 3A) .
To determine the temporal and spatial pattern of LvGro protein distribution, a fusion protein was made encompassing a region just N-terminal of the WD-repeat region. Antibodies specific to this region were generated to examine the expression of LvGro. Western blots demonstrated that the LvGro protein is expressed at all stages after fertilization at a relatively constant level (Fig. 3B) , and whole mount immunofluorescence showed that LvGro is expressed in the nuclei of all cells of the embryo at all stages (Fig. 3C) .
Because Tcf and Gro have overlapping temporal and spatial expression domains during early cleavage stages (Huang et al., 2000) , we performed an in vitro binding assay to determine if they might interact. Recent data demonstrated that the interaction between Tcf/Lef and Groucho depends on the Q and GP domains of Groucho (AES197), however, the WD domain may also be necessary since it is the main interaction domain (Brantjes et al., 2001; Chen and Courey, 2000) . To address this issue, we performed a GST binding assay with GST fusions of the LvGro AES197 and WD domains. Results show that a Myc-tagged SpTcf fusion protein interacted with both the AES197 and WD domains. The specificity of the binding was corroborated by the failure of GST alone to bind to SpTcf (Fig. 3D) . Thus, LvGro binds SpTcf through both the AES197 and WD domains of the protein.
Groucho perturbs endomesoderm specification through a AES197 domain-mediated interaction with Tcf/Lef
We hypothesized that Gro/Tcf complexes antagonize endomesoderm specification by opposing nh-catenin function. To test this hypothesis, we overexpressed LvGro in sea urchin embryos and assessed endomesoderm specification by morphology, QPCR analysis, and immunostaining. Embryos overexpressing LvGro mRNA (3.8-4.3 pg/pl) lack an archenteron and contain very few, if any, PMCs by late gastrula stages, as assessed by staining with 1d5, a primary mesenchyme cell marker. We examined the extent of endomesoderm repression by LvGro overexpression by staining with the marker SoxB1, which is cleared from the endomesoderm nuclei in response to nh-catenin (Kenny et al., 1999 (Kenny et al., , 2003 Oliveri et al., 2003) . Late gastrula embryos overexpressing LvGro failed to clear SoxB1 from vegetal nuclei (Fig. 4D) . In contrast, control embryos possessed a fully elongated archenteron, a full compliment of PMCs, and vegetal SoxB1 clearance (Fig. 4B) . Embryos overexpressing LvGro do not recover the ability to specify endomesoderm when evaluated at the pluteus stage, since these embryos did not have a full compliment of PMCs, failed to clear SoxB1, and failed to form an archenteron (Figs. 4E-H ). Although these embryos had few PMCs, the PMCs that were present tended to migrate together and initiate skeletogenesis, indicating that at least part of the micromere specification was intact in LvGro-injected embryos (Fig. 4G, arrow) .
Given the known pleiotropic functions of Gro, we next expressed various domains of LvGro to determine the specific contribution of each LvGro domain to the phenotype observed with LvGro overexpression. We chose to express the AES197 domain since it was shown to be the minimum functional domain in Xenopus (Brantjes et al., 2001 ). Studies in Xenopus have shown that an endogenous gene expressing AES197 acts as a dominant negative Groucho molecule because its GP domain cannot bind Rpd3. Therefore, we also expressed the Q domain alone to see if it might act as a dominant negative construct, since it is unable to bind Rpd3 (Brantjes et al., 2002; Roose et al., 1998) . Embryos overexpressing AES197 mRNA show a phenotypic profile identical to embryos injected with increasing levels of LvGro mRNA (Figs. 5E-H) . Surprisingly, injection of Q domain mRNA alone also resulted in a phenotype identical to LvGro and LvAES197 overexpression phenotypes (Figs. 5I-L) . At lower concentrations, all three constructs produce embryos with a small archenteron and malformed skeleton (Figs. 5B, F, J). At moderate concentrations, little or no gut was formed and skeletogenesis was inhibited (Figs. 5C, G, K) . Finally, at higher concentrations, the animalized phenotype characteristic of LvGro was obtained (Figs. 5D, H, L) . In contrast, injection of mRNA encoding the WD domain had no effect on development even at extremely high levels of expression (6.5 pg/pL) (Figs. 5M-P) . This result suggests that the WD domain possesses no inherent repressive function despite its ability to bind Tcf in vitro, whereas the binding of Tcf by the AES197 region of LvGro is sufficient to mediate repression. While the AES197 phenotype was expected, the Q domain phenotype was striking, since it behaved like the full-length repressor despite its inability to bind to Rpd3 in other species, suggesting that the Q domain alone is sufficient to compete with nh-catenin for Tcf. Thus, these data support the hypothesis that the N-terminal Q domain is involved in the Tcf-mediated repression of gene expression in the sea urchin.
LvGro and nuclear b-catenin functionally compete for Tcf binding to influence endomesoderm specification
The Gro/Tcf repression complex may represent a default state that is overcome by a simple increase in the concentration of nh-catenin (Cavallo et al., 1998; ; alternatively, the Gro/Tcf repression complex may be regulated by an active mechanism. The observation that increased levels of exogenous LvGro expression inhibited endomesodermal specification suggested a competition between LvGro and nh-catenin for Tcf (Figs. 5A-D ). If such a competition exists, then increasing the levels of nh-catenin should rescue the most severe LvGro overexpression phenotype. As a test of this hypothesis, nhcatenin levels were elevated by incubating embryos in two concentrations of LiCl (30 and 50 mM) (Logan et al., 1999) . Embryos were injected with LvGro mRNA and treated with varying concentrations of LiCl, then developed to the pluteus stage. Phenotypes scored at pluteus stage ranged from the vegetalized phenotype induced by increased nh- catenin, to the animalized phenotype indicative of Wnt signal inhibition. Normal phenotypes were scored when embryos approximated a normal morphology (Fig. 6, top  panel) . Injection of~4 pg/pl of LvGro inhibited endomesoderm specification, resulting in an animalized phenotype in 83% of the embryos. Conversely, incubating embryos in 30 mM or 50 mM LiCl increased the specification of endomesoderm, resulting in vegetalized phenotypes in 68% and 100% of the embryos and a normal phenotype 32% and 0%, respectively. Embryos injected with~4 pg/pl LvGro and incubated in either 30 mM or 50 mM LiCl exhibited a vegetalized phenotype in 21.7% and 10.9% and a normal phenotype in 31% and 67% of embryos, respectively (Fig.  6, lower panel) . These data are consistent with the hypothesis that h-catenin and LvGro functionally compete with one another in order to control the fate of endomesoderm cells along the A/V axis.
TOPFLASH assay and QPCR data corroborate phenotypic analysis
To further test the competition hypothesis, we examined the response of a Tcf reporter construct, pTOPFLASH, to varying concentrations of LvGro and nh-catenin (Korinek et al., 1997) . pTOPFLASH contains multiple Tcf/Lef binding sites, which drive a luciferase reporter. This construct was shown to be responsive to sea urchin nhcatenin (Vonica et al., 2000) . As expected, overexpression of LvGro repressed the activation of transcription by endogenous nh-catenin/Tcf complexes when compared to pTOPFLASH alone (Fig. 7A) . Co-expression of LvGro in embryos treated with LiCl inhibited the LiCl-dependent increase in pTOPFLASH activity (Fig. 7A) . The repression was specific, since the control reporter plasmid with mutated Tcf sites (pFOPFLASH) did not show changes in activity (Fig. 7A, white columns) . These data show that LvGro can indeed functionally compete with h-catenin, and are consistent with a model in which the relative concentration of h-catenin and LvGro determines which will be complexed with Tcf, resulting in activation or repression of endomesoderm genes, respectively.
To extend the above results with endogenous genes, we assessed the responsiveness of the endogenous endomesoderm GRN to overexpression of LvGro and treatment with LiCl. According to the endomesoderm GRN, nh-catenin/ Tcf complexes initiate an early battery of genes, including krl, foxA, krox, and wnt8 (Davidson et al., 2002a) . Although it is not known whether these are all direct targets of nh-catenin/Tcf complexes since their cis-regulatory domains have not been fully analyzed, all of these genes are turned on shortly after nuclear accumulation of h-catenin (Davidson et al., 2002a) . As predicted by the competition hypothesis, injection of LvGro (4 pg/pl) significantly reduced the levels of all four early endomesoderm genes tested, consistent with an interference with endogenous h-catenin/Tcf complexes (Fig. 7B) . Incubating embryos in 50 mM LiCl countered the repression of all four genes by LvGro overexpression, although they were not activated to the level observed in embryos treated with LiCl alone. Taken together, these data argue that the expression of endomesoderm genes in the sea urchin is the result of a balance between the repressive effects of LvGro/Tcf complexes and the activation effects of hcatenin/Tcf complexes. Fig. 6 . LvGro and nuclear h-catenin compete during endomesoderm specification. Embryos overexpressing LvGro mRNA exhibited an animalized phenotype in 83% of cases. Conversely, increasing endogenous levels of nuclear h-catenin with 30 mM or 50 mM LiCl resulted in vegetalized phenotypes in 68% and 100% of embryos, respectively. Overexpressing LvGro mRNA and then treating embryos with 30 mM or 50 mM LiCl shifted the percentage of vegetalized embryos from 68% to 21.7% and from 100% to 10.9%, respectively. The top panel shows the most common phenotype seen in each treatment. Note, embryos classified as dnormalT often display patterning abnormalities, but contain proportionally an approximately correct distribution of ectoderm, mesoderm, and ectoderm.
The next experiments assessed the contribution of LvGro domains to the competitive function of LvGro. In pTOP-FLASH assays, both the AES197 and the Q domain repressed transcription in a manner analogous to LvGro overexpression (Compare Fig. 7A with Figs. 8A, C) . LvAES197 overexpression alone or with LiCl treatment had a strikingly similar effect on endogenous endomesoderm gene expression when compared to LvGro alone or with LiCl treatment, as assessed by QPCR analysis. Interestingly, QPCR analysis of embryos overexpressing the Q domain demonstrated a more limited inhibition of early endomesoderm transcription than AES197. Expression of two endomesoderm genes, Krox and FoxA, were inhibited, but Wnt8 and Krl were not affected. Although overexpression of the Q domain did not show the same level of repression of Tcf activity when assayed by TOPFLASH assays and QPCR experiments, the assays and the phenotypic data demonstrated that the Q domain is clearly able to repress endomesoderm specification and in a manner suggesting a competition with the nh-catenin/Tcf (Fig. 8D) .
Discussion
In the early sea urchin embryo, the Tcf transcription factor functions as a control switch, positioned at the top of a hierarchy of transcription factors that comprise the endomesoderm GRN. After the entry of h-catenin into the nuclei of vegetal blastomeres beginning at the 16-cell stage, h-catenin and Tcf form a complex that initiates the endomesodermal GRN (Davidson et al., 2002b; Logan et al., 1999) . In order to initiate the endomesoderm GRN, nh- catenin must overcome the influence of negative regulators of Tcf. Our results are consistent with a model in which the activity of Tcf is regulated by the negative regulator LvGro (Fig. 9 ). In this model, the increase in nh-catenin outcompetes the Groucho Q domain for binding to Tcf. Downstream of the micromere nh-catenin/Tcf complex activity is the production of an early induction signal (ES) that passes from micromeres to macromeres and amplifies the onset of endomesoderm GRN activation in macromeres (Oliveri et al., 2003) . The full activation of the endomesoderm GRN depends on both direct transcriptional inputs mediated by nh-catenin/Tcf complexes and indirect inputs as a consequence of the ES that seem to amplify this onset of specification.
Through several lines of evidence, we show that LvGro functions by antagonizing the initiation of the endomesoderm GRN by nh-catenin/Tcf activation complexes by reinforcing Tcf repression complexes. First, overexpression of LvGro inhibits endomesoderm specification, converting most of the embryo into a hollow ball of unpigmented ectoderm. Second, overexpression of LvGro significantly downregulates endogenous expression of early targets of nh-catenin/Tcf, suggesting that LvGro overexpression inhibits endomesoderm specification by antagonizing nhcatenin/Tcf complexes. Third, LvGro overexpression represses expression of the Tcf reporter construct, pTOP-FLASH, by competing with endogenous and/or elevated levels of nh-catenin/Tcf complexes. LvGro and Tcf interact with one another through the AES197 domain. This is important because the AES197 domain has been shown in Xenopus to be the minimum domain necessary for repression and, besides Tcf, the only other proteins known to interact with Groucho via the AES197 domain are members of the Six family (Lopez-Rios et al., 2003; Zhu et al., 2002) . Homologues of Six have not been found in the sea urchin and because they are only known to be involved in eye development they may not exist in the sea urchin. Thus, the phenotypic effect of overexpressing LvGro or AES197 is unlikely due to an interaction with any LvGro binding partner other than Tcf. Fig. 9 . A model for activation of the early endomesoderm GRN in the sea urchin embryo. Beginning at the 16-cell stage, Dsh is activated by an unknown mechanism in micromeres and macromeres. Activated Dsh inhibits the phosphorylation of cytoplasmic h-catenin by Gsk3, which leads to cytoplasmic accumulation of h-catenin. At high cytoplasmic concentrations, h-catenin enters micromere and macromere nuclei. The high level of nh-catenin outcompetes LvGro for Tcf. This results in the activation of down stream genes which lead to the release of the ES from the micromeres. The ES passes to the macromeres where it amplifies the ability of ng-catenin to activate the endomesoderm GRN, again by outcompeting Groucho for Tcf. Thin arrows indicate the initiation of a signaling activity in the Wnt pathway and bold arrows indicate the predominant activity of the Wnt pathway from 4th to beyond 8th cleavage.
Functional competition between b-catenin and LvGroucho for Tcf as a mechanism for activation of the endomesoderm GRN
The results indicate that the LvGro and nh-catenin functionally compete with one another to regulate one of the earliest steps in the initiation of the endomesoderm GRN. This conclusion is consistent with studies in Drosophila and Xenopus, which also suggest a competition between hcatenin and Groucho for Tcf. Cavallo et al. (1998) showed that a reduction of Groucho suppressed mutant wg (Drosophila Wnt) segmentation defects and that repression of weak wg mutants by Tcf overexpression depended on Groucho, providing indirect evidence that the level of Groucho is important for Tcf-mediated repression. In Xenopus, transient transfection assays using the pTOP-FLASH reporter demonstrated that Groucho overexpression represses activation of the reporter gene by Tcf fused to the transactivation domain of h-catenin . In that experiment, Groucho-mediated repression was strong enough to overcome h-catenin mediated activation, even when the transactivation domain was fused directly to the Tcf molecule. This observation suggests that the nh-catenin/ Tcf interaction is fully reversible and even when nh-catenin is nearby, added Groucho can out-compete nh-catenin for Tcf. Furthermore, overexpression of Groucho in the dorsal half of the Xenopus embryos decreased nh-catenin-mediated dorsal gene expression, indicating that increasing levels of Groucho can antagonize nh-catenin/Tcf complexes (Cavallo et al., 1998; Roose et al., 1998) , consistent with our findings.
For the competition model to be correct, alterations in concentration of either h-catenin or LvGro should have a predictable outcome. We designed three assays to assess the competition model. The three assays were repeated with embryos overexpressing the AES197 domain with strikingly similar results to embryos overexpressing LvGro. These results suggest that the competition between LvGro and nhcatenin is for Tcf and not another interacting partner of LvGro, since AES197 presumably binds Tcf, but not other potential LvGro-interacting transcription factors in the sea urchin. We conclude from these experiments that a functional competition between nh-catenin and LvGro for Tcf transcription factors determines which blastomeres will be fated as endomesoderm versus ectoderm in the sea urchin embryo. In addition, these results indicate that the AES197 domain is sufficient to recapitulate the effects of LvGro.
The Q-domain alone mediates LvGro endomesoderm repression
It was hypothesized that the Q domain would function as a dominant negative LvGro since it is unable to bind the histone deacetylase, Rpd3, in other species (Brantjes et al., 2001) . However, Q domain overexpression animalized embryos to the same degree as full-length Gro and AES197. In addition, the Tcf reporter gene activity and early endomesoderm gene expression profile suggested that the Q domain functionally competes with nh-catenin for Tcf. However, the ability of the Q domain to compete with nh-catenin for Tcf is not as uniform as that of LvGro or LvAes197. Two of the early endomesoderm genes, krl and wnt8, showed no significant repression at all, while two others, foxA and krox, showed repression. Thus, the repressive ability of the Q domain alone may not be able to overcome nh-catenin/Tcf complex activity as well as LvGro and AES197, possibly due to its inability to bind Rpd3 (Brantjes et al., 2001) . The difference between AES197 and Q domain repression may reflect a difference in the context of the promoter regions of the target genes. For example, because Rpd3 mediates long-range repression via chromatin silencing, AES197 repression may be robust even if the Tcf binding sites are far from the promoter. In contrast, it is possible that whatever repressive element binds, the Q domain can only mediate repression over short distances; therefore, the Tcf binding sites must be close to the promoter for this repressor to have any effect. Thus, the context of the cis-regulatory domains may determine the effectiveness of a particular repressive element bound to LvGro on the transcription of downstream genes.
The fact that the Q domain shows any repressive ability at all is surprising since the endogenous AES197 gene in Xenopus, which also lacks a Rpd3 binding domain, acts as a dominant negative in vivo . There is some in vitro evidence that the Q domain can promote repression if it is artificially brought to the DNA template by fusing it to the Gal4 DNA-binding domain (Chen et al., 1998) . However, these data may not reflect true endogenous function, since the Q domain was artificially brought into proximity of the promoter where it could interact with the endogenous Groucho proteins, resulting in repression. Ultimately, our data suggest a novel repressive functionality for the Q domain of LvGro, which may interact with repressive co-factors other than Rpd3.
There are several remaining challenges ahead that must be faced in order to understand the mechanisms regulating the sea urchin Tcf-control switch. Although the data argue that the endogenous levels of nh-catenin and LvGro are important for endomesoderm specification, there may be other levels of regulation that impact the Tcf control switch. Recent data has demonstrated, for example, that Smads can influence Wnt signaling through binding of Tcf, suggesting that TGFh-signaling can influence the activity of Tcf (Letamendia et al., 2001; Nishita et al., 2000) . In addition, full derepression of POP1 in C. elegans by Wnt signaling depends on the activity of Map kinase (Meneghini et al., 1999) . Furthermore, it will be important to determine whether other molecules that negatively influence Tcf activity exist in the sea urchin, such as CBP and CtBP. Finally, the careful analysis of the cis-regulatory domains of the early endomesoderm genes responsive to nh-catenin/Tcf complexes will determine if they contain Tcf binding sites and how distant they are from the promoter. These data will help to decipher why the Q domain and AES197 domain repress the early endomesoderm genes differently.
